Hydrothermal reaction of CoCl 2 · 6H 2 O, H 6 chhc (all-cis-1,2,3,4,5,6-cyclohexanehexacarboxylic acid), phen (1,10-phenanthroline), and NaOH in aqueous solution afforded a new coordination polymer Co(phen)(H 2 O)(H 2 chhc) 1/2 , which crystallizes in the space group P1 with the cell constants a = 7.267 (2) 
Introduction
Current interest in coordination polymers is rapidly expanding owing to their intriguing structural topologies and their potential properties as functional materials [1 -4] . In the past few decades, the development has allowed to rationally design and prepare supramolecular architectures [5 -7] . Most studies have shown that the diversity of properties of the framework structures of such materials greatly depends on the selection of the metal centers and the organic spacers [8 -10] . One particularly fruitful family of coordination polymers utilizes carboxylate ligands as organic spacers to bridge two or more metal centers thus creating 1D, 2D, and 3D networks. Although various rigid polycarboxylate ligands, such as benzenepolycarboxylates and pyridinepolycarboxylates, have been widely used to construct stable metal organic frameworks, only a few cases of carboxylic acid-type ligands with flexible backbones or an adaptable conformation, for example, cycloalkane-polycarboxylates and tetrahydrofuran-tetracarboxylates, have been reported so far [11 -15] . As part of our ongoing systematic investigations on coordination polymers [16 -18] , our present work has been focused on the 0932-0776 / 11 / 0700-0689 $ 06.00 c 2011 Verlag der Zeitschrift für Naturforschung, Tübingen · http://znaturforsch.com exploration of cyclohexane-1,2,3,4,5,6-hexacarboxylic acid (H 6 chhc), a typical flexible cycloalkane polycarboxylic acid, which has a single-bonded ring skeleton in combination with equatorial or axial orientations of six carboxyl groups. The coordination chemisty of cyclohexane-1,2,3,4,5,6-hexacarboxylic acid has remained practically unexplored. Its great flexibility makes both the prediction and control of the final coordination networks more difficult [19 -23] . Herein, we report the synthesis, structural characterization and magnetic properties of the complex Co(phen)-(H 2 O)(H 2 chhc) 1/2 with partially deprotonated cyclohexane-1,2,3,4,5,6-hexacarboxylate H 2 chhc 4− anions and 1,10-phenanthroline ligands.
Results and Discussion

Syntheses
Tong and coworkers have reported that, under hydrothermal conditions, reaction of CoCl 2 · 6H 2 O, cyclohexane-1,2,3,4,5,6-hexacarboxyic acid (all-cis), 2,2 -bipyridyl and NaOH, in an aqueous solution with the molar ratio of 1.5 : 0.5 : 1.0 : 1.5 at 175 • C, produced a 3D metal-organic framework [Co 3 - (H 2 O) 6 (chhc)] n [23] . We found that in the presence of 1,10-phenanthroline hydrothermal reactions of CoCl 2 · 6H 2 O, H 6 chhc and NaOH in an aqueous solution in the molar ratio of 1.0 : 1.0 : 0. 1/2 . The phase purity of the crystalline product was confirmed by comparing an experimental powder X-ray diffraction (PXRD) pattern with the one simulated on the basis of the single crystal data (Fig. 1) , as well as by an elemental analysis. The title compound was found to be stable in air and insoluble in common solvents such as water, ethanol, acetone etc.
Description of the crystal structure
The asymmetric unit of the title compound contains one Co 2+ cation, one phen ligand, one-half di-protonated cyclohexane-1,2,3,4,5,6-hexacarboxylate anion H 2 chhc 4− , and one aqua ligand. As illustrated in Fig. 2 , the H 2 chhc 4− anions assume an e,e,e,e,e,e-conformation with the central ring adopting a chair-shaped conformation, the carboxylate and carboxyl groups being located at the equatorical sites, suggesting that the conformation of the ligand was changed from all-cis in the starting reagent into all-trans under the hydrothermal condition [23] . This configuration of the di-protonated cyclohexane- 1,2,3,4,5,6-hexacarboxylate anions is identical to that observed in Ni 2 (phen) 2 (H 2 chhc) [24] . The carboxylate groups display two coordination modes: the O4-C17-O5 group is monoatomically bonded to one metal ion, and the O1-C13-O2 group is chelating one metal ion. As a result, the anions exhibit an overall η 6 µ 4 coordination mode. Fig. 2 . In the chain, there are two intrachain hydrogen bonds, O3-H3C···O4 #1 and O7-H7B···O2 #3 (Table 1 ). The phen ligands of two adjacent supramolecular chains are stacked with the quinoline fragments at alternating distances of 3.47 and 3.56Å. Obviously, these π-π stacking interactions are responsible for the supramolecular assembly of the chains into layers parallel to (001) (Fig. 3) . The aqua ligands donate hydrogen atoms to the carboxylate oxygen atoms to form interlayer hydrogen bonds (d(O3···O1 #2 ) = 2.827(3)Å, ∠O3-H3B··· O1 #2 = 156 • , #2: −x + 1, −y + 1, −z + 2), such that the layers are assembled into a three-dimensional supramolecular architecture.
Infrared spectra
The infrared spectrum (Fig. 1) in the range 4000 -400 cm −1 shows a strong broad band centered at 3454 cm −1 due to the absorption from OH stretching vibrations of water molecules, in agreement with the X-ray crystallographic analysis described above. The absorption peak near 1744 cm −1 characteristic of a -COOH group is also observed. The strong absorption band centered at 1564 cm −1 is ascribed to the asymmetric stretching vibration of the -COO groups, while the symmetric stretching vibrations of the -COO group result in absorptions at 1427 and 1369 cm −1 .
The resulting ∆ν as-s = (v(CO 2 ) asym − v(CO 2 ) sym ) values of 137 and 195 cm −1 are consistent with the bidentate and monodentate fashion of the carboxylate groups, according to the established correlation of ∆ν as-s with the coordination modes of carboxylate groups [27] . As far as the 1,10-phenanthroline and 1,2,3,4,5,6-hexacarboxylate rings are concerned, the out-of-plane C-H bending vibrations cause weak absorptions at 3062, 2945 and 2912 cm −1 , respectively. The absorptions in the range 660 -1218 cm −1 can be attributed to the skeletal vibrations of the phen ligand.
Thermal analysis
The thermogravimetric curve (Fig. 1) shows that the title complex decomposes in two steps. 
Magnetic properties
The magnetic properities of the title complex are illustrated in Fig. 4 in the form of χ m T and χ m versus T plots (χ m being the magnetic susceptibility per one Co(II) ion). At 300 K, the χ m T value is 2.43 cm 3 mol −1 K, which is slightly larger than the spin-only value of 1.88 cm 3 mol −1 K for one isolated Co(II) ion (S = 3/2 and g = 2.0). On lowering the temperature, the χ m T value decreases gradually to ca. 2.33 cm 3 mol −1 K at 50 K, followed by an abrupt decrease to a maximum value of 1.43 cm 3 mol −1 K at 2 K, which suggests an overall long-range antiferromagnetic ordering. The best fit of the χ m versus T plot to the Curie-Weiss equation χ m = C/(T −Θ ) gave the Curie constant C = 2.50(4) cm 3 mol −1 K and the Weiss constant Θ = −1.76(6) K. The cyclohexane ring has a single-bonded ring skeleton offering no effective pathway to magnetic exchange. The above structure description shows that the effective transmitting pathway of the magnetic coupling between the magnetic centers may be through the intermolecular hydrogen bond interactions between the aqua ligand and the carboxylate groups. However, the zero field splitting and/or spin-orbit coupling may also play an important role regarding the magnetic properties, as commonly seen for species containing divalent cobalt. A fit of the data to the phenomenological Rueff expression (Eq. 1) [28 -30] , which has largely been used for modeling S = 3/2 was performed.
where 
The fitting results indicate that the surrounding of Co(II) is to be descried as a strong-field state in a slightly distorted octahedral arrangement, which is consistent with the crystal structure. The small negative J and positive D values show the presence of weak, long-range antiferromagnetic ordering in this compound via a cooperation of single-ion effects.
Experimental Section
Materials
All chemicals of reagent grade were commercially available and used without further purification.
Physical methods
Powder X-ray diffraction measurements were carried out with a Bruker D8 Focus X-ray diffractometer to check the phase purity (CuK α radiation; λ = 1.54056Å). Singlecrystal X-ray diffraction data were collected on a Rigaku 
R-Axis Rapid IP X-ray diffractometer. The C, H and N microanalyses were performed with a PE 2400II CHNS elemental analyzer. The FT-IR spectrum was recorded in the range 4000 -400 cm −1 on a Shimadzu FTIR-8900 spectrometer. A thermogravimetric measurement was carried out from r. t. to 700 • C on a pre-weighed sample using a Seiko Exstar 6000 TG/DTA 6300 apparatus with a heating rate of 10 • C min −1 . The temperature-dependent magnetic susceptibility was determined with a Quantum Design SQUID magnetomer (Model MPMS-7) in the temperature range 2 -300 K with an applied field of 5 kOe, and the susceptibilities were corrected for the diamagnetism of the constituent atoms using Pascal's constants [31] .
Synthesis of Co(phen)(H 2 O)(H 2 chhc) 1/2
CoCl 2 · 6H 2 O (0.2382 g, 1.0 mmol), all-cis-H 6 chhc (0.1725 g, 0.50 mmol), phen (0.1996 g, 1.0 mmol), and NaOH 1.0 ml (1 mol L −1 ) were stirred in 10 mL H 2 O. The resulting mixture was placed in a 23 mL Teflon-lined autoclave and heated at 170 • C for 4 d. The reaction system was cooled to r. t. at a rate of 20 
X-Ray structure determination
A suitable single crystal was selected under a polarization microscope and fixed with epoxy cement on a fine glass fiber which was then mounted on a Rigaku R-Axis Rapid IP X-ray diffractometer, operating with graphitemonochromatized MoK α radiation (λ = 0.71073Å) for cell determination and subsequent data collection. The reflection intensities in the θ range 1.93 -27.50 • were collected at 295 K using the ω scan technique. The employed single crystal exhibited no detectable decay during the data collection. The data were corrected for Lp and empirical absorption effects. The SHELXS-97 and SHELXL-97 programs were used for structure solution and refinement [32] . The structure was solved by using Direct Methods. Subsequent difference Fourier syntheses enabled all non-hydrogen atoms to be located. After several refinement cycles, the hydrogen atoms associated with carbon atoms were geometrically generated, and the remainder of the hydrogen atoms were located from successive difference Fourier syntheses. Finally, all non-hydrogen atoms were refined with anisotropic displacement parameters by a full-matrix least-squares technique, and hydrogen atoms with isotropic displacement parameters were set to 1.2 times the values for the associated heavier atoms. Detailed information about the crystal data and structure determination is summarized in Table 2 . Selected interatomic distances and bond angles are listed in Table 1. CCDC 805724 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data request/cif.
